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AF1 Activation Function1 转录激活功能域 1
AF2 Activation Function2 转录激活功能域 2
AR Androgen Receptor 雄性激素受体
ATRA All-trans-retinoic acid 全反式视黄酸
BMP Bone Morphogenetic Protein 骨形态发生蛋白
CDK Cyclin-Dependent Kinase 细胞周期蛋白依赖性激
酶
Ch-IP Chromatin Immunoprecipitation 染色质免疫共沉淀
CHX Cycloheximide 放线菌酮




DBD DNA-Binding Domain DNA结合结构域
DMEM Dulbecco’s Modified Eagle’s Medium 改良 Eagle’s 培养基
ER Estrogen Receptor 雌性激素受体
GR Glucocorticoid Receptor 糖皮质激素受体
HIF-1 Hypoxia Inducible Factor-1 低氧诱导因子
Id1 Inhibitor of DNA binding 分化抑制因子 1
LBD Ligand-Binding Domain 配体结合结构域
MAPK Mitogen-Activated Protein Kinase 丝裂原激活的蛋白激酶
MH1 Mad Homologue 1 Mad同源结构域 1
MH2 Mad Homologue 2 Mad同源结构域 2
MR Mineralocorticoid Receptor 盐皮质激素受体
NES Nuclear Export Signal 出核信号
NGFI-B Nerve Growth Factor-Induced Gene B 神经生长因子诱导基因
B














NR Nuclear Receptor 核受体
NBRE NGFI-B Responsive Element NGFI-B反应原件














PR Progesterone Receptor 孕激素受体
RAR Retinoic Acid Receptor 视黄酸受体
RXR Retinoid X Receptor 类视黄醇 X 受体
SARA
siRNA




TGF-β Transforming Growth Factor β 转化生长因子β




TR Thyroid Hormone Receptor 甲状腺激素受体
TβR I TGF-β Receptor I TGF-β I型受体
TβR II TGF-β Receptor II TGF-β II 型受体
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先我们通过 CAGA-luc 报告基因筛选系统发现并证明了 Nur77 能够激活
TGF-β/Smad3信号通路。在特异性研究中发现，多种核受体中只有 Nur77 能够显




相互作用，相互作用区域分别为 Nur77 的 AB结构域和 Smad3的MH2结构域。
有文章报道，Smad3 的 MH1 结构域可以与 MH2 结构域形成二聚体形式，从而
抑制 MH2被其他蛋白调控，而 MH2结构域的修饰，是 Smad3发挥功能的所必
须的。本文发现，Nur77 能够与MH1结构域竞争性结合MH2结构域，破坏 MH1
的抑制作用，直接激活 Smad3活性。Nur77 进一步增强 Smad3与 Smad4的相互
作用。同时，Nur77 能够延长 Smad3 的磷酸化修饰，进而延长 Smad3 的激活时
间。通过实时荧光定量 PCR（RT-PCR）和免疫印迹实验，我们发现 Nur77能够

















调 Id1 的蛋白表达；另一方面，Nur77对于 Id1 的蛋白翻译后修饰有着至关重要
的作用，Nur77 可以通过与 Id1 相互作用，可能对 Id1 的蛋白构象产生改变，暴
露出 C 端区域，Nur77 可以增强 Id1 与 Smurf2 的直接相互作用，导致其更容易
被 E3连接酶 Smurf2所识别，从而进行泛素化降解。这样对于 Id1 的调控形成网
络结构，提供了更多的药物靶点。
因此，本研究发现了一种新的调节蛋白-孤儿核受体 Nur77 来调控 TGF-β信
号通路，并揭示了 Nur77 调节 TGF-β/Smad3信号通路新的作用机制。本文进一



















Nur77 is one of the most unique member of nuclear receptor superfamily. As an
immediate early responsive gene product, Nur77 responds to a variety of
microenvironment stimuli, including various growth factors and inflammatory factors.
Nur77 participates widely in physiological and pathological processes, such as cell
metabolism, autophagy, mitophagy, inflammation, and tumor growth and apoptosis.
Transforming growth factor β (TGF-β) signaling pathway broadly participates in
regulating a wide process of physiological and pathological processes, including
glucose and lipid metabolism, extracellular matrix replacement, cell proliferation and
differentiation and tumor development. Exploration of the regulation of TGF-β
signaling has been attracting great interests for many years and how nuclear receptors
integrate with this pathway is still largely unknown.
In the exploration of the regulation of TGF-β signaling by some nuclear receptors,
we found that Nur77 could enhance TGF-β signaling activity with the specific
mechanisms. Nur77 up-regulated significantly both the basal and TGF-β-stimulated
Smad3 transcriptional activity, indicated by our luciferase reporter gene assays using
CAGA-luc reporter 。 This activity of Nur77 was partially inhibited by TGF-β
receptor I’s inhibitor SB431542 and largely inhibited by Nur77 ligand Bi-1071.
We further investigated the underlying mechanism of the Nur77-mediated
up-regulation of TGF-β signaling. Our previous work has shown that Nur77 interacts
with Smad3, a transducer of TGF-β signal pathway. Here, we confirmed that Nur77
strongly interacted with Smad3 using co-immunoprecipitation assay. The
intramolecular interaction of MH1 domain and MH2 domain inhibits Smad3 forming
heterocomplex with Smad4. The binding of Nur77 to MH2 prevented this
intramolecular interaction, resulting in the enhanced interaction of Smad3 and Smad4.
Therefore, we hypothesized that Nur77 activated TGF-β/Smad3 signaling by forming
Smad3/Smad4/Nur77 complex and binding to Smad3 responsive DNA elements. In
addition, Nur77 was able to stabilize phosphorylation of Smad3, thereby extending















Nur77, we examined the expressions of Smad3-targeted genes. We found that Nur77
could significantly increase the expression of TGF-β-induced Smad3-targeted gene
Id1 by using RT-PCR (mRNA level) and Western Blot assays (protein level).
Furthermore, we found that besides at mRNA level Nur77 also regulated Id1
protein abundance at protein level. Similar to Smurf2, an Id1 E3 ligase, overexpressed
Nur77 decreased the half-life of Id1. Consistently, Nur77 knockdown increased Id1
half-life. These data indicated that Nur77 negatively regulated Id1 protein stability.
Interestingly, the effect of Smurf2 on decreasing the half-life of Id1 is, at least in part,
Nur77-dependent. Nur77 and Smurf2 enhanced the ubiquitination of Id1, respectively.
However, the combination of Nur77 and Smurf2 had synergistic effect on inducing
Id1 ubiquitination. Our further co-immunoprecipitation assay indicated that Nur77
enhanced the interaction of Smurf2 and Id1. Thus, Nur77 may mediate or enhance the
binding of Smurf2 to Id1, followed by ubiquitination and degradation of Id1.
In this research, we also examined the effects of Nur77 ligands on TGF-β/Smad3
signal and Id1 expression. Both F-502 and Bi-1071, two Nur77 ligands,
dose-dependently inhibited TGF-β-induced Id1 expression. The strong induction of
Smad3/Smad4 complex by TGF-β was completely abrogated by Bi-1071 and F502. It
is hypothesized that F502 and Bi-1071 exerted this action via bing to Nur77, which
need verification.
Together, our study revealed a novel modulator of TGF-β signaling pathway –
nuclear receptor Nur77, and demonstrated the new mechanism of the modulation of
TGF-β by Nur77. Furthermore, we proposed a series compounds to provide a possible
treatment for TGF-β signaling-related disease by targeting Nur77. This research
broadened our understanding of the biological functions of Nur77.




























Figure. 1 The structure of Nuclear Receptors
核受体的经典结构包括 A/B，C，D，E 四个结构域（图 1）。其中 N 段的
A/B结构域主要功能为在没有配体调控的的情况下发挥转录激活的功能，同时，
A/B结构域能够与其他核受体相互作用，影响核受体与 DNA的结合强度。C区






























人源 NR4A 亚家族有 3 个成员：Nur77，Nurr1（也称为 NOT，NR4A2）[5]以及
Nor1（NR4A3）[5-9]，该家族成员功能具有特异性，并且具有组织表达特异性[10-12]。









核受体 Nur77 属于 DNA 序列特异转录因子 (DNA-sequence specified
transcription factors)，它与通用转录因子(general transcription factors，GTFS)形成
复合物，共同识别 RNA聚合酶 II(RNA PolyII)，进一步在启动子上形成转录起始
复合物，发挥基因型功能，启动 mRNA前体的转录[22-23]。
Nur77能够识别位于靶基因启动子上的特异 DNA序列。Nur77能以单体形式
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